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Tills work conta,ins tlie results of four liitlierto un- 
putlishocl researclies of the D.V.L. (BGutsche Versuchsan- 
stalt fur Luitfahrt) (refGronco l) during 1928-1932, in 
order to provide the oasis for tho dovclopmcnt of air- 
cooled internal-coiiioustion originos witli blower coolings 



I. IITTRODUCTIOIT 



Air-cooled aircraft ezigines have advantages over 
water-cooled cn^^inos, due to the elirninat ion of the source 
of disturbance in the sensitive coolin^: plant. Lloreover, 
the resistance of the ordinary radiators on water-cooled 
engines is ^^^reat. The air-cooled engines in use are ei- 
ther radial or in-line and nre cooled by the relative wind. 
This makes the coolinf^* depend on the flight speed. More- 
over, the air resistance is very great, especially at high 
speeds. This resistance can be reduced by siiitable fair- 
ings (N.A.C.A, cowling, Townend ring), though these gener- 
ally diminish the cooling effect. It is therefore diffi- 
ctilt to increase the output of engines cooled by the rel- 
ative wind. 

• 

In forced cooling, the conditions are more favorable. 
The air is then delivered, with the aid of blowers, at 
the places to bo cooled. The velocity of the cooling ci\r- 
ront is largely independent of the flight speed and may 
even be greater than the latter. Since the air resist- 
ance can be smaller than in cooling by the relative wind, 
the power absorbed by the blower can be offset against 
the reduced air resistance, A favorable configuration of 
the engine can be obtained by the use of one or more blow- 
ers. Forced cooling is preferably used with in-line ezi- 



*"Die Sntwicklung luf tgekuhl tor liotoren mit Gobi asokuhlung . " 
'D.Y.h. Report 324. Aut omooil t echni sche Zeitschrift, July 
25 (pp. 351-05?), and August 10 (pp. 375-383), 1933, 
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gines (fig. !)• Ii the current of cooling air enters the 
aircraft from the direction of flight and lea.ves it at 
the same velocity in the opposite direction, no air re- 
sistance ensues. In order to produce this resiilt, the 
"blower has only to offset the pressure loss from the de- 
flections and frictional resistances in the engine, "but 
does not have to furnish the power for generating the air 
velocity* 

II, FUlTDAMEiTTAL RESEARCHES OST THE POTfER REQUIRED 
FOR COOLING FIHITED CYLINDERS 
1. Test Plant 



The researches were "based on triangular fins. Pins 
of uniform thickness, whose heat transmission is only 
slightly better, "but which leave free a smaller cross sec- 
tion for the flow of the cooling air, vrere not -used on ac- 
count of thei.r weight. As discovered oy Schmidt (refer- 
ence 2), fins of uniform heat-flow density require the 
least material. Here the temperature curve is a straight 
.line from the temperature of the ease to that of the air 
at the. tip of the fin. The parts near the tip of the fin 
therefore show losses in energy without removing appre- 
ciable quantities of heat. Since the power expended for 
cooling must he Irept small in an aircraft engine,, the 
surfaces swept by the cooling air must he uitilized to the 
best -oossible advantage. In order to obtain a shorty struc- 
tiiral" length of the engine, the enclosed space must be 
kept small. The fin of uniform heat-flow density does^not 
therefore come into the question. The triangular fin is 
the most practical form, even as regards production* 

A special heater was developed for use in determin- 
ing the iieat transfer from the shrou.ded and freely swept 
finned cylinders. The expenditure of power in forcing 
the air between the fins of the shrouded cylinder was also 
determined. The cylinders used for the investigation were 
made of pressed lautal. Their inside diameter was 135 mm 
(5.31 in.) and their height was 180 mm (V.09 in.). The 
diameter of the outside surface, to which the fins were 
attached, was 160 mm .(6.3 in.). These dimensions were 
'chosen because, for practical reasons, cylinders of 130 
to 160 mm (5.12 to S*3 in.) inside diameter are chiefly 
used in aircraft engines, a moan of 145 mm (5.71 in.), 
which corresponds to the outside diameter of 160 mm of the 
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test cylinders. Cylinders of smaller diaroeter have a 
smaller heat loading, so that they can "be used without ex- 
pensive cooling blowers. Cylinders of over 160 mm (S,3 
in.) diameter are not made because their- weight and "bulk 
increase in an inadmissible manne-r. 

Three test cylinders with difcferent forms of fins 
were used, S'orm A had intervals of 8 mm (0,515 in.) be- 
tween tiie tips of the fins; form 3, 5 mm (0,197 i n , ) ; 
form C, 4 mm (0,157 in.) (fig. 2). The first tests were 
.made with fins 42 mm (1.65 in.) high. The fins were then 
cut down to 28 mm (l,10 in.), then to 14 mm (0,55 "in,), 
and finally to 7 mm (0,278 in.) in height. A further 'test 
was made with a smooth cylinder without fins. 

The finned cylinder was mounted on a cast-silumin 
body with slide seat (fig. 3). This body had 15 holes of 
14,3 mm (0»563 in.) diameter parallel to the axis, through 
which were stuck 8-mm (0,315-in.) silit rods with thick- 
ened metal-covered ends embedded at tiie bottom in ah- in- 
sulated contact plate and connected with the electric cir- 
cuit. The upper and lower ends of the silumin body were 
insulated against" the loss of heat by 20 to 30 mm (0,787 
to 1.18 in,) of asbestos. Tjie maximum heating power of 
the dir ect^-eurrent heating was 14 kW at about 100 volts 
and 140 amperes. The silit rods were heated to 1,200 to 
1,400^ C. (2,192 to 2,552° 5"'.) and transmitted the heat 
to the inner surfaces of the holes in the silumin body, 
which in turn transmitted it to the test cylinder. The 
highest temperature allowable with regard to the strength 
characteristics of alum.inum was 320^^ C. (o08^ 5" . ) . 

The temperature of the finned cylinder was measured 
with 20 thermoelectric coiiples, lYirves of copper and con- 
stantan of 0,3 mm (0,0118 in.) diameter, insulated with 
baked varnish and covered with silk, were electrically 
welded on the clean ends in hydrogen and inserted in radi- 
al holes of 1 mm (0.039 in.) diameter and 3 miti (0.118 in.) 
depth in the cylinder between two fins, thus affording 
good heat conduction from the cylinder to the head of the 
thermoelectric couple. The horizontal temperature distri-- 
bution shows an increase in the flow direction of oO to 
80 percent of the temrjerature increase ^ of tiie ' ai r • The 
temperature increase of the cylinder in- th®'.f low direction 
must bp loss than that of the air, becoAiso tho heat con- 
ductivity of the cylinder m.ili tatc s n.gainst the occurrence 
of temperature dif f orczicos. ''oroovor, the velocity of 
flow and the heat ,conduc ti vi ty of the' air incroaso with 
the tomporaturo of the air. 
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The air for cooling the test cylinder i's supplied ty 
a centrifugal "blower driven "by a regulatable alternating- 
cur ro-nt motor, 'The cooling air is led throtigh a pipe of 
300 mm (11,81 in.) diameter, in which is installed a VDr 
Pitot tuhe of 130 mm (4.*72 in.) diameter for measuring 
larger quantities of air, or of 80 mm (3.15 in.) diameter 
for smaller quantities. 

■Th^e test -cylinder was enclosed at the tips of the 
fins "by a massive tlacken^ed shroud of hard wood (fig'. 3) , 
The top was formed "by the metal cover of the heating body. 
The air was led from the air pipe to the shrouded cylin- 
der through flat nozzles of a; width 'corresponding to the 
height of the fins usod. A short straight section was 
followed by a curved section to the height of the fins. 
The air flowod from the fins past the curved section into 
a collector having twice the width of the fins and five 
times their height, A metal plate, shaped like a comb 
with teeth projecting between the fins, extended to the 
end of the collector and insured a uniform flow of the 
air from both sides of the cylinder. The air velocity 
between the fins could be determined from the free cross 
section and the measured quajitity of air. In the heat 
tests the reference temperatiire wag the mean between the 
temperature of the air before contact with the heating 
cylinder and the temperature after the absorption of the 
heat transmitted to the cylinder. 

-After the removal of the shroud, the fins were sub- 
jected to a free jet of air. Due tb the lov/er velocity 
and the smaller amount of heat transferred as the result 
of the nature of the centrifugal blower, it was necessary 
to work with lower heating pov/ers than when the cylinder 
was shrouded. 

The resistance of the nozzles between the air-deliv- 
ery pipe and the shroud was determined by measurements in 
a free jet with relation to the quantity of air delivered 
and, in the evaluation of the tests, with relation to the 
total pressr.re. Amounts of -g- to 3-1- percent of the total 
pressure had to bo deducted. 

The tests were made at various air velocities 8.nd 
hea.ting 'power s . The moan temporatvire of the air ai:.d the 
temporaturb of the cylinder wcro therefore changed. In 
addition to variation's in the velocity of the jet, varia- 
tions in the density -p , viscosi'ty \x, and heat conduc- 
tivity X of the air wore thvis produced. The spoqific 



N.A.C.A. Technical Memorandum ITo * 725 



5 



heat Cp was nearly constant. 



pation "sufficed, five different 
three different heat stages, 4,5, 



Insofar as the heat dissi- 
air velocities, each at 



and 13., 



corr e 



s-ponding to heat loadings of the cylinder jacket, 42,800, 
85,600, and 1 28 , 400 kcal /m^ h (15,779, 31,558, and 47,336 
B. t ,u. /sq.f t , /hr •) , were investigated, a.s also the air re- 
sistance of the shrouded cylinder in the cold state. 



'2. Test Results 
Repr e sen tat i on o f . 



of the experiments, are shown 
locity w "between the fins is 



the test results.-^ 
in the figr.res# 



The results 
The air ve- 



w 



' Ph ^' 



[•he velocity 



w. 



lector to the cylinder is 



of the heated air flowing from the col- 



^a 



G R T, 



The heating power 
by the. amount 



I] 



Pb -a 

is imparted to the air and hea.ts it 



T.„ - = 0.23 9 



IT 



G c-f 



0,988 



IT 



The difference "between the temperature of the cylinder and 
that of, the cooling air is 



m 



^a + 



A cooling factor c is used to designate t/ie amount of hea 
transferred from the fins to the air<, It represents the 
amoimt of heat per hotir transmitted "by the fins par square 
meter of the cylinder jacket of IGO mm (6.3 in.) diameter 
and at a temperature difference of one degree centigrade 
between the cylinder jacket and the air flowing past it. 

e . 1^ . 9510 I 
F T h T 



.The pressure drop A Pq, which is necessary in the 
case of adiabatic f low.-, f .or . the production of the velocity 
V prevailing hetrrem the ribs of the .cylinde'r, i.s 
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^'^ " ; 2 ^- " 2g R Ta 

The pressure reduction A p^^ for- generating the outflow 
velocity w^^ is ..... 



A Pa = 



^a^ P ^a^ Pb 



a 2 2g R Ta 

The energy req[uired for producing the velocity w "between 
the cylinder fins in a constant flow is 

Li - A po V 

In the heated "body the volume V per second is based on 
the mean temperature between the cylinder fins. The total 
energy . L actually reqiiired for producing the flow past 
the test cylinders is 

L - (A p2 + A Pa) 



Here A p^ denotes the pressure reduction which takes 
place during .the flow about the cylinder. In addition to 
the frictional and vortical losses about the cylinder, it 
also contains the vortica.l losses in the flow between the 
cylinder and collector in both directions, A Pg is ob- 
tained directly from the experiments. The volume Vq per 
second is based on the cold air before contact with the 
cylinder* 

In a similar process, employed for judging wind tun- 
nels and the like, a "performance ratio" can be deter- 
mined, in which the total energy L required for driving 
the air between the fins is expressed in relation to the 
energy L required to accelerate the air to the velocity 
at the cylinder. The energy ratio P represents the 
losses in the flow about the cylinder, 

b) Heat transfer of test cylinder in a /guided and, _in 

Q' Q-^^ ■ s tr earn,- The rorAilts of the measiir oment s of the 

heat transfer of the enclosed test cylinder are shown in 
.figure 4 whi ch r epr esen t s the cooling factor c for the. 
fins tested. ^ is plotted against the velocity w of 
the cooling air between the fins of the cylinder. The 
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cooling factors c, obtained with the three heat stages 
corresponding to 42,800, 85,600 and 128,400 kcal/m^h 
heat loading of the cylinder, do not differ .greatly. On 
the whole, the cooling factors are somewhat greater for 
low heating. It is worth noting that, even for high fins, 
the increase in the cooling factor £ ,. with "increasing 
v.elocity of the cooling air, is still considerable • In 
figure 5 the cooling factor e is plotted against the 
height of the fins for the cooling-air velocities of 30, 
45 and 60 m/s (98.4, 147.6 and 196.8 ft. /sec.) for the 
different forms of fins. The heat transfer increases with 
.the height of the fins,, "but the increase soon "becomes 
small, especially for slender fins of the form C at high 
velocities of the air.' Two consecutive tests with a fin- 
less cylinder and a shroud 14 mm (0.551 in.) and also 7 mm 
(0.276 in.) from the cylinder surface, whereby in one 
case the cylinder was bright and in the other case was 
given a high radiation factor by an anodic "Spefas" coat- 
ing, showed that the effect of the radiation is negligible. 

The differently shaped fins show considerable diver- 
gencies in heat transmission. This is chiefly attributa- 
ble to two influences. ?he coefficient of heat transfer 
on the surface of the fins increases with the velocity 
of the air. This increases the temperature reduction from 
the base to the tip of the fins, which is especially great 
on long thin fins and ha.s a detrimental effect on the heat 
dissipation. The second influence comes from the flow of 
the air between the fins. Fundamentally the heat- transfer 
coefficient, as based on the total area of the fins, is 
somewhat greater with narrow spaces between the fins than 
with wide spaces. Moreover, for sharply tapered fins with 
narrow intervals the flow velocity, due to a^ir friction, 
is less a.t the base of the fins tha.n at their tips. Hence 
the heat-transfer coefficient is smaller at the base of 
the fins. Furthermore the slowly flowing air is heated 
more at the base of the fins due to the longer period of 
contact, thereby unfavorably affecting the temperatiire 
difference. 

In the experiments with the shrouded cylinder the 
quantity of air used for cooling is accurately known. 
Hence the actual mean air temperature can be determined. 
For the test cylinder exposed to the free flow the quan- 
tity of air involved in the cooling is unknown. In the 
calculation of* the cooling factor the temperature of the 
before the cylinder must therefore be introduced. 
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This temperature, however duo to the largo quantity of 
air and the groat turoulonce, docs not differ suId s t ant ial- 
ly from, the tomporaturo of the air near the cylinder. 
In figUT*e 6 the cooling factor e for the cylinder tested 
in the . free, jot is plotted against the velocity w of the 
cooling air. Since this velocity is small, the curvature 
of the lines is only' slight. The temperature reduction 
from the "base to the tip of the fins is not very noticea- 
ble. The improvomont in the sweeping of the base of the 
fins with increasing air velocity, due to the elimination 
of the boundary layer, promotes tlie equalization. Of the 
thrco forms tested, the form C yields the greatest val- 
ues for the coefficient of heat transfer. The comparison 
of forms A . and B shows that, in a frco air flow, the heat 
transfer is not increased by greatly reducing the spaces 
between the fins. The best valuo depends on the thickness 
of the fins and the velocity of the cooling air.' In a ' 
free air flow the cooling factor c depends on the heat 
loading. . e. diminishes as the heat loading increases. 
'The differences between the minimum and maximum heating 
stagos run up to IQ percent of the cooling factor. In fig- 
ure 7 the cooling factor for the cooling-air velocities 
of. 12.5 and 25 m/s (41.0 and 82.0 ft. /sec.) are plotted 
against the height of the fins, beginning with the smooth 
bright cylinder.. The lines are only slightly curved. In 
comparison with the shrouded cylinder, the heat transfer 
of the exposed cylinder is only about two thirds. 

c) En e r re quired f .ox_c o o_l i ng_th e._Ae^ • - "^^^ 

energy required for cooling the shrouded finned cylinder 
is determined from the pressure difference necessary to 
drive, the air between the cooling fins and from the quan- 
tity of air used. With a given free cross section, this 
quantity is proportional to the velocity of the air. The 
total pressure in the heat tests servos, after deducting 
the nozzle losses, to accelerate the air and to overcome 
the air friction and the turbulence. It is difficult to 
separate these two quantities in the tests. From the 
quantity, temperature, pressure and cross section of the 
air, the velocity of the air leaving the collector and the 
prossurcnocessary to produce this velocity can bo calcu- 
lated. The pressiaro losses from turbulence produced by 
the fins. and from the friction of the air on the cylinder 
can therefore bo determined as the diffcrenco between the 
total measured pressure (after deducting no^zlo losses) 
and the velocity head A p^^ at the outlet. 

From these pressures, with consideration of the cor- 
responding quantities of air, the energy ratio f3 can 
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"be calculated. In figure 8, p is plotted against the 
cooling-air velocity w. ^ depends on the heat output, 
since "both the pressure APq, corresponding to the veloc- 
ity at' the cylinder, and the pressure A Pa» corresponding 
to the outflow velocity, depend on the temperature of the 
air. In figure 3 the rosults of the Gxporimcnts with the 
unheated cylinder are plotted. The scattering of the test 
points is here quite pronounced. Even the rosults of im- 
mediately consecutive tests show di scr opanci o s • This indi- 
cates that the flow conditions wore not quite stable. 

From the curves of the test values for p at 100^ C. 
(212° F.) air temperature and 1.03 5 absolute atmospheres 
in figure 9, is calculated the total pressure required to 
overcome the air friction and to accelerate the air by the 
amount indicated by the dynamic pressure in the outlet noz- 
zle. These values are also valid for the system of air 
conduction employed in the experiments. 

d) He.l^atJ^oia3^J,we^n_e trans- 

feX'-' -^s shown by the heat- tr an sf er curves, the heat trans- 
fer increases with increasing velocity of the cooling air. 
The energy required for forcing the air through the cylin- 
ders increases still more. Since, on an aircraft, this en- 
orgy must always bo derived from the engine, the least en- 
ergy possible must be used for the cooling. Since, however, 
the engine output, thermal efficiency and reliability of op- 
eration diminish with increasing cylinder temperature, the 
best ratio betwean the cooling and the energy must be 
sought for every special case, with the utilization of the 
"best form of fin. 

For showing the relation between the degree of cooling 
and the energy reqviired for cooling the test cylinder with 
air at 100^ C. (212^ F.) and 1.Q35 abs. atm. , the heat trans- 
ferred for a difference of 1^ C. between the air and the 
cylinder shroud was determined from the experiments. It is 
expressed in kcal/h degrees. The energy required to force 
the cooling air between the cylinder fins is measured in 
mkg/s. It is necessary to distinguish between the total 
amount of energy expended in accelerating the air and over- 
coming friction and turbulence, and that required, at the 
given air velocity, simply for overcoming friction and tur- 
bul ence . 

In figure 10 the heat • tr B.nsf or Qi i-s plotted against 
the total energy expenditure for the fin forms tested* It 
was to be expected that the increase in the amount of neat 
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tr^n'^i^eTte'i' would constantly diminish for a given form of 
rip;- wi til increasing energy e^cpendi tiire • The longer fins 
■a;Wj "b^'tt^r than- the shorter fins for c-ooling in the region 
invpstigated with uniform total energy expenditure. At 
high "eiaergy expenditure the thicker form B of the fins 
'42; pan; (1.65 in.) long show the same rate of heat transfer 
as' the thinner form C, This is due to the fact that the 
pressure re^quired for forcing the cooling air between the 
fins t)f the form 3 is somewhat loss than for the form 
C., and that, at high air volocitios, the hoat transfer 
from the thinner fins of tho form C i s no longer sTib- 
stantially better than from the thicker fins of the form 
Bt Although the resistance of the flow of the- cooling 
air and, despite the greater quantity of air used, the en- 
ergy required for cooling with fins of the form A are 
considerably less than for the forms 3 and C, much more 
heat is transferred, for the same energy expendi turo , with 
the forns B and C than with the form A, due to the 
groat difference in tho cooling factor €• In figure 11 
tho amount of hoat transferred is plotted against the ^ 
height of tho fins for 100, 200, and 400 mkg/s (723, 
1,447, and 2,893 f t .-lb . / sec . ) total energy consumption. 
Even with a large expenditure of cooling energy and rela.- 
tively high fins, we find an increase in the amount of 
heat tran sf erred.. 

In figure 12 the transferred heat Qi is plotted 
against the energy required to ovorcomo tho resistance of 
the cylindor for tho different forms of fins. Tho curves 
correspond to tho curve for the total energy expenditure, 
but, aside from the smaller energy consumption, there arc 
variations in the hoat transfer between particular forms 
of fins. 

2. Theoretical Investigations 

a) Cal culat ion ._o.f . hea.t transfe r by cylinder s with 

fins. - If the coefficient of heat transfer a between the 
fins and tie air and the temperature of the air over the 
whole surface of the fins were constant, the heat trans- 
ferred by a cooling fin could be calculated. Such is not 
the case, however, of a cylinder .expo sed to a free air 
stream. This assumption is, nevertheless, approximately 
applicable to a shrouded cylinder for the most important 
forms of fins, 

Schmidt (reference 2) calculated the heat transfer 
for a triangular fin on a flat surface with the aid of 
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i3essel functions. The calculation was ma,cle with the aid 
of a series development without tho use of transcendental 
functions^ Using the notation .of figure 13, the heat 
transmitted "by one half of the fin is 

^^a yo^ 

in which is the coefficient of heat conduction of 

aluminum. For half a fin of the diameter and height used 
in aircraft engines we obtain approximately 



= ^ a ^ T Tj %i 



^ ^^0 



The functions ^ and ^i^i can "be taken from figure 14 and 
ena-Qle a simple calc^ilation« 

The coefficient of heat transfer a "between the sur- 
face of the fin and the air can ho approximately deter- 
mined from the equation found "by Husselt for the heat 
transfer in straight cylindrical tuoeso Accordin^^ to Nus- 
selt, allowance can "be made for the cross-sectional shape 
"by the introduct ion of the equivalent diameter ^ae ~ 
— , If the heat transmitted "by the cooling fins is thus 

determined, allowance must still be made for the cylinder 
surface "between the fins. 

On comparing the theoretical and experimental results 
they are found, for the forms of fins most commonly used, 
to agree well enough for practical purposes. The calculat 
ed value is up to 15 percent too great, however, for very 
narrow spaces "between the fins (forms 3 28, E 42, C 14 and 
C 28) , 

b) Ca.l cul ati on of onor^gcy z.9.^''^kZ9.^..^.'^o_Avijro^^^ 

ing air he tv/een the f in s « For the shrouded cylinder, the 
space included between two fins, the cylinder and the 
shrouding may he regarded as a bent tu"be. In general the 
air enters at one end and leaves at the opposite end. If 
the curvatures at the inflow and .outflow of the air are 
at first disregarded, we have, two semicircular tuoes of 
trapezoidal cross section between each two adjacent fins. 
The resistance to the flqw in such a tube can be deter- 
mined with close approximation. 

According to Lorenz (reference 3) the pressure drop 
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for overcoming the turbulent v/all friction in bont circu- 
lar tube s . i s 

cp r^ 
^ao 

in v/hich is the angle of curvature of the tube, r^ 
the radius of ciirvature of the tube axis, d^^ - 4j?/U the 
equivalent tube diameter, P the air density and w the 
flow velocity.. According to tests by Saph and Schoder, 
the f actor k is 



K = 0.1582 



.7 d^3 py. 



According to Lorenz the pressure drop for the vortos: for- 
mation is 

P d.3 9 

A -d" = - . 

- ^ 2 ro TT 

Comparison of cal culati on and experiment . shows that the 
curves have the same fundamental course. Calculation and 
experiment a.^ree well for the fin form C For the forms 
A and B, however, there ar o . di scr opancies in the absolute 
values. The calculated flow resistance is somewhat less 
than the measured, which is chiefly duo to the simplifying 
assumptions regarding the inflow and outflow. 



Ill, IJIVESTI&ATION OF A LAHaE SIITCtLE- CYLINDilH ElIG-INE WITH 
HESPECT TO TEIviPERATURB DI STRIBUTIOII, HEAT LOADII-I& 
AlID EITERGY SXPEFDITUHE FOR COOLIUd 
1. Test Plant 



The engine used for the investigation was a single- 
cylinder experimental engine of 160 mm (6.3 in.) bore -and 
220 mm (8.55 in.) stroke. Its output during the experi- 
ments was about 60 hp, at 1,500 to 1,900 r.p.m. It served 
for preliminary experiments for the development of a 9- 
cylinder radial engine of 550 hp. at full throttle. The 
cylinder head is roof- shaped and carries two intake valves 
and two srlt-coolod exhaust valves.. The valves and the 
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valve rockers are in a housing ovor the cylinder head and 
are actuated oy push rods from the crankcase. The ex- 
haust valves lie in the flow direction "before the intake 
valves. The cast aluminum cylinder head is screwed, while 
hot, on to the open steel cylinder. At the cylinder head 
the fins are 12 mm (0,472 in.) apart and up to 30 mm (l«18 
in.) hi.<^h and 5 mm (0.2 in.) thick at the foot. On the 
cylinder "body the fins £ire 8 mm (0.515 in.) apart, 9 to 
22 mm (0.354 to. 0.8G6 in.) hi^^^h and 1,5 to 2,6 mm (0,C53 
to 0*102 in.) thick at the foot. In mounting such a ra- 
dial engine on the airplane, the crankcase and cylinders 
can "be shrouded to a'bout the point where the aluminum 
head begins, the latter being exposed to the free air 
flow and the propeller slipstream. 

The shrouding of the test cylinder was designed as it 
would be used on blower-cooled en^^ines. Since the cylin^ 
der was designed for a radial engine with direct air cool- 
ing by the relative wind, of course not so good results 
can be obtained as with a cylinder especially desi#:ned 
for forced cooling. In particular, the distances between 
the fins and the free space .between the control parts 
would have to bo considerably smaller. 

In the case of the cylinder exposed to a free air 
stream, the latter was directed against the cylinder by a 
centrifugal blower through a tube of 350 mm (13,78 in.) 
diameter (fig. 15). Since the outside diameter of the 
cylinder head was about 360 mm (lC,24 in,), metal sheets 
were placed at the sides of the cylinder to prevent the 
air jet from being deflected laterally. The conditions 
were therefore similar to those ox an exposed radial en- 
gine. 

In the experiments with the enclosed cylinder (figs, 
IS and 17) the a.ir was driven, with the aid of the cen- 
trifugal blower, through an oval nozzle of about 100 mm 
(3,94 in,) width between the a.luminum casing and the en- 
gine« A slot with rounded edges insured the smooth out- 
flow of the air. Supplementary oiitflov/ openings were 
made in the intake chambers. 

The first shroud was ovorywhoro 10 mm from tlie edges 
of the fins. The second shroud touched the edges of the 
fins. The third shroud was like tiie second, excepting 
that a wooden block was mounted betv;een the intake valves, 
which strengthened the air flow between the exhaust and 
intake valves. This block was screwed to the cam case 



14 



IT.A.C'A. Tecimical lieaorandum IT-o , 725- 



from "below, tou'ched the fins of the cylinder head and was 
10 mm' (0.3 94 iti.)^ from the intake chazibors. The crankcaso 
wa.$' cooled by a fan. The lubricating oil w.a.s forced 
through' a copper coil and cooled with water-. 

The output of the single-cylinder engine was deter- 
mined, by a water bra.ke. The temperature of the cylinder 
was. measured . at 33 places with thermoelectric couples of 
insulated copper and constantan wires of 0.34 mm (0.0134 
in.) diameter. The heads of these couples were set 3 mm 
(0.118 in.) deep in aluminum and peened, on the steel Jack- 
et, with a piece of sheet metal which was insulated by a's- 
bestos against loss of heat. There "v;ero 8 thermoelectric 
couples on the cylinder jacket and 25 on the head. The 
tost points were quite iiniformly distributed over the cyl- 
inder head, including all the imT)ortant parts (spark plugs, 
valve seats and upper part of cj^linder) • After a number 
o'f preliminary tests, the amount of air delivered by the 
blower and the air velocity at the cylinder v;ere measured 
with a Bruhn nozzle. Per the shrouded cylinder, the total 
pressure at the end of the air tube served to determine 
the resistance to the air flowing past the cylinder 4 The 
resistance of the oval intake nozzle was determined sep- 
arately and subtrr'.cted from the tota.1 resist a, nee. 

2. Temperature Distribution 

At the beginning of the investigation a. pr el iminary r 
test was made with the single-cylinder en.i^ine in a free " 
air jet. As shown by figure 18, the operating temperature 
was reached in four to six minutes after full throttle. 

The results of the tests on the temperature distribu- 
tion are shown in figu.res 19 to 21 • The figures give the 
femperature differences between the indicated points and 
the air before the cylinder from the middle axis out. The 
engine produced 50 hp, at 1,700 r.p.m. and was exposed to 
an air flow of 45 m/s (147.6 ft, /sec). Figure 1.9 shows a 
vertical section through the center of the cylinder i.a the 
direction of flow. The temperatures of the cylinder liner 
are lower in front than behind. The fact that, on the con- 
trary, the temperatures on the cylinder head are higher in 
front is chiefly due to the location of the exhaust valves, 

S'igure 20 shows a section through the axis of the cyl- 
inder perpendicular to the direction of flow. The temper- 
atures on the right and left sides do not differ materially 
Of co'urso the temperature of the outlet chambers is con-;: 
sidcrably higher than that of the inlet chambers. 
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■] ■ iFlgure 21 shows a horizontal section throrigh the cyl- 
.inder 'head at the height of the spari^-pluc: ho 1 e s , The 
maximum temperatures are forward 1 at erally ^ and a,t the 
• spark plugs. This is due to the location of the exhaust 
which causes additional heating of the * neighbor ing parts 
of the cylinder head while, on the rear side of the cylin- 
dert the intake has a certain cooling effect. The shroud- 
ed cylinder, in which the air is forced past the cooling 
fins, has lower temperatures throuj::hout than the c^'linder 
exposed to the free air jet, 

3, Energy Hequired to Cool Singl e- Cylinder Engines 

For every shrouding and every air speed, three tests 
were made at ahout 1,500, 1,700 and 1,900 r,p,m. The 
tests at 1,500 and 1,900 r,pon« simply served for control 
of the test at 1,700 r,ponio which alone was evaluated. 
The mean value of the indications of the 25 thermoelectric 
couples was taken as the temperature of the cylinder head. 
The temperature of the hottest places, which lie on both 
sides of the cylinder head "between the outlet and inlet 
chambers, and the mean temperatures of the stool cylinder 
are correspondingly represented. The air velocity was re- 
duced from the maximum velocity produced by the centrifu- 
gal blower as fa.r as was consistent with reliability of 
operation. 

The resistance of the exposed cylinder head is known 
from the researches of the Aerodynaiiic Institute of the 
Aachen Polytechnic School, The energy required for cool- 
iiig can therefore be dotoriainod along with the air veloc- 
ity. For the shrouded cylinder, it is obtained from the 
measured quantity of air blown through the shroud and from 
the pressure required (fig, 22) o Thereby two different 
energy requirements must be distinguished according to how 
the engine is used (fig, 23), When the engine is station- 
ary, the energy requirement for accel er a.t ing the cooling 
air and for overcoming the rosistai^.ce between the cylin- 
der and shrouding must be greater. On an airplane in 
flight, the energy for accelerating the cooling air can 
be entirely or partially dispensed with, if the air is 
taken from the surrounding space at the existing relative 
velocity and released at the same velocitj'- in the direc- 
tion of flight. Theoretically the same result co^ild be 
obtained through the use of difiusor noszlos witn the en- 
gine stationary, but the efficiency of such nozzles is 
too poor. 
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Tor effecting- the . energy l^alance of the engine, the 
efficiency of the cooling-air blower must he taken into 
consideration. In the use of centrifugal or axial blow- 
ers, it can be taken at 5.0 to 7C percent. Similarly for a 
radial engine on an airplane the propeller efficiency can 
be taken at 60 to- 30 percent, from which must be deducted 
the structuj'al drag of the fuselage, etc., due to the pro 
jecting cylinder heads, so that on the whole the efficien 
. cy is only about the same as for the production of the 
cooling-air cixrrent. 

The results of the test runs (figs. i24 and 25) 'show 
that the temperature of the aircraft engine and the ener- 
gy required for cooling can bo reduced* by suitable shroud 
ing and cooling-air control -by blov/er. Moreover, it is 
.possible to conduct the air to the points of riaximum heat 
loading, so as to avoid ezcecsivo temperatures at particu 
•laf points. This gives the designer a free hand in deter 
mining the form of the engine. 

The data used for calculating the energy reqiiired fo 
cooling a radial engine exposed to a free air flow are 
based on tests made with ,a cylinder by the Aerodynamical 
Institute of the Aachen Polytechnic School. It was foimd 
possible, . by a better design, especially of the exhaust 
stacks, and a few cooling fins, to reduce the air resist- 
ance about 20 percent. It may also be expected that the 
temperature of the cylinder head will be somewhat further 
reduced by improving the conduction of the air current. 
On the. other hand, the resistance of the radial engine 
will be. somewhat increased by using outlet tubes, since 
the drag measurements without exhaust pipes were made'on- 
ly with short ejchaust staclr.s. 

The temperatures of the cylinder head and lining 
could be considerably reduced on an engine developed for 
blower cooling. Thinner fins and narrower intervals 
would be of great advantage which, with the same free 
cross section,' would inc.rea.se the heat- emit ting area and 
the heat-transfer coef f ici e:2t . The free cross section 
between the right and left valve chamoers might "^e m.ado 
smaller and the cooling of the space betweori the intake 
and , exhaust valves improved. With t'ne samd energy expen- 
diture for. cooling,, the e/.g live • might thvus yield consider-, 
ably higher pej^v ormances • 

The measurements also e.j.ablo the de t err^inat ion of th 
cooling for the shrouded radial engine cooled by the rela 



IT.A.C.A. Technical lieriorandr.ra ITo. 7.^]5 



tiy^ wind, if the positive pressure in front of the in- 
flow opening and the negative pressip.re behind the engine 
at ' the outflow opei^ing for the cooling air are Measured. 
This can he done with a iiiodel of the shroud in the wind 
tunnel wherehy the flow resistance is regu.lated hy screens. 

4. Hea.t Loading and Heat Transfer of 

Single-Cylinder Engine 

While an aircraft engine is running, heat is imparted 
to the walls hy the T;'or]iing gases. The amount of heat 
transferred depends on the temperature of the gases and 
walls, as well as on the coefficient of heat transfer, the 
area- and the length of time the gases reraain in contact 
with the walls. The coefficient of heat transfer is very 
large during conhustion, hut smaller diaring expansion and 
exhaust* During the intake stroke the mixture absoros 
heat from the y,^alls of the compression chamber and from 
the i:!iston, since these are cont inuoucsly exposed to the 
working gases, while the cylinder liner is protected part 
of the time by the piston from contact with the working 
gases. The >-eat imparted to the valves must be transmit- 
ted to the valve seats and pipes. The exhaust valve is 
strongly heated by the swiftly flowing exhaust gases. The 
do t erniinat ion of the heat imparted to the valves has hith- 
erto been impossible, because the conditj.ons of heat in- 
take and outgo have been so varied. The exhaust stacks 
are heated by the OTitf lowing gases, while the inta.ke valve, 
on the contrary, is cooled by the cold inflo.ving mixture. 
The heat absorbed by the piston hea.d is almost as much as 
that absorbed by the combustion cham.ber, the temperatures 
being also of the same order of iaagnitude. The heat ab- 
sorbed by the piston and that produced by the friction of 
the piston is partially imparted by the piston rings to 
the cylinder walls and partially to the oil and air in the 
crankcase. Since the cylinder liner and piston rings are 
usually somewhat cooler than the upper part of the cylin- 
der, there is a slight heat transfer from, the upper to the 
lower part of the cylinder. 

The walls of the "I7eonal i^imJ' cylinder head ore very 
thick and transmit considerable' heat which tends to equal- 
ize the temperature. The temperature of certain very hot 
spot s,..( g, , between the exhaust valves and betv/een the 
intake and exiiaust valves) is thus reduced, as well as 
the effect of the heat transfer by special cooling fins. 
The threading betv/eon the cylinder head and the steel cyl- 
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inder extends down over the upper part of the cylinder. 
An axially directed flow of heat is produced in this light- 
metal cover. The cooling of the lower part of the cylin- 
der is somewhat increased "by the lul:ricating oil. 

The heat transfer "by the fins of a shrouded cylinder 
can he determined from the res\ilts of the investigation 
of the cooling of finned cylinders, if the temperature of 
the cylinder is known. The exporiraents described in sec- 
tion 111,2, therefore enatle the determination of the 
amount of heat imparted to the air "by the shrouded single- 
cylinder- engine through the determination of the heat 
transferred hy each fin'. In the calculation of the heat 
transferred hy the cylinder nead, allowance must he made 
for 'the fact that the exhaust stachs ahsorh a considera- 
hle quantity of heat, only a small part of which comes 
from the comlDUstion chamoer, the larger part coming from 
the exhaust gases. In the intake pipes, on the other 
hand, heat is absorhed hy the cold inflowing gases and. 
carried into the comhustion chamlDor. The amount of heat 
ahsorhed hy the cylinder walls steadily decreases toward 
the lower piston dead center. 

The following quantities of heat are transferred: 

Cylinder head to upper edge 
of piston at top dead cen- 
ter, i.e., the beginning 

of the steel liner 5,618 kcal/h 

(22,293 B.t.u./hr.) 



2, Two exhaust stacks, from 
point of contact with 

cylinder head • 3,200 kcal/h 

(12,698 B.t.u./hr.) 

3* Two inlet pipes, from point 
of contact with cylinder 

head V60 kcal/h 

(3,016 B. t.v../hr. ) 

4, Cylinder, upper part with 

lower portion of cylinder head 

head 6,277 kcal/h 

(24,909 3.t.u-/hr.) 



5. 



Cylinder, lower part with 
steel fins 



1 , 635 kcal/h 
(6,607 B.t.u./hr.) 
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The total amount of heat given off ov the cylinder is 
therefore 17,520 kcal/h (69,524 I . t .ii, /hr . ) . The engine 
output was SO hp. There were therefore 292 kcal/hp/h 
(1,159 B. t ,u,/hp./hr . ) imparted to the cooling air. This 
value seems proDalDle on comparison T7it?a the results of ex- 
periments with high-class, water-cooled aircraft engines, 
in which, due to lower wall temperatures, somewhat great- 
er quantities of heat were carried off. It is still to 
be taken into account that the housing of a s ingl o- cvl inder 
engine carries off somewhat more heat t"-ian that of a ra- 
dial engine. It is v/orth noting t?aat the two exhaust 
stacks transmit 18 porcent of th^. total amount of heat. 

The heat flow from the cylinder head to the liner can 
he calculated from the cross section of the aluminum ring 
and the temperature drop known from the tests. The cross 
section is 1^8 cm^ (16.74 sq.iii.), the t em-peratur e drop 
39^^ C. (70.2 F.) for 43 mm (l.£S in.) length, and the 
amount of heat carried off, for a heat conductivity of 
al'liminum of 125 kcal/m^/h (46.08 B. t cU./^q. f t ./hr . ) is 
therefore 1,090 kcal/h (4,325 B.t.u./hr.). All to^^ether 
therefore, the cylinder h.ead transmits 10,658 kcal/h 
(42,333 B.t.u./hr.); the" iipper part of the cylinder liner, 
5, 187 kcal/h (20,583 B . t .u. /hr . ) ; and the lower part of 
1>he -liner, 1,665 kcal/h ( 6,607 E.t.u./hr.). 

The mean value of the heat loading of the inner wall 
of • the compression chamber can he determined. The inner 
surface of the compression chamber, including valves but 
not piston, is 393 cm- (60.9 sq.in.); of the two intake 
valves, 48 cm^ (7,44 sq.in«); of the two exhaust valves , 
40 cm^' (6.2 sq.in.). Disregarding the axial heat flow in 
the aluminum part of the cylinder, the heat loading of the 
compression chamber is therefore 244,000 kcal/m^/h (89,954 
B. t .u. / sq. f t . /hr . ) ; or, including the axial heat flow, 
272,000 kcal/m-/h (100,276 B. t .u. /sq. f t . /hr . ) . 

For the part of the cylinder on which is screwed the 
aluminum head, we obtain, on the basis of the heat trans- 
fer by the cooling fins, 199,000 kcal/m^/h (73,363 B.t.u./ 
sq.ft./hr.) at the top and 145,000 kcal/m^/h (53,456 B.t.u./ 
sq.ft,/hr.) at the bottom. The amoimts of heat transmitted 
by the individual fins are: 

•• 1st fin, . 878 kcal/li 145,500 kcal/m^"/h 

2d " 945 " ■ - 156, 500 " 

3d " 1,015 " = 158,000 " 

4th " 1,085 " - 180,000 " 
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5th fin, 1,154 kcal/h =. 191,500 kcal/n^/h 
6th " 1,.200 . " = 199,000 " 

7th " 1,250 " = 207,000 .: " 

(kcal/h X 3.96825 = B.t,u./hr.) ' ^ • - 

■('kcal/m^/h X0,C^66663 = t .u./sq. f t ./hr. ) 

" '/It iimst oe ta>en into consideration that there is an 
axia.! flow of heat 'inside the aluininvi-m jacket of the upper 
part" of 'the cylinder. The actual heat loading of the inner 
surface of "the cylinder must therefore he such that the low- 
est portion of the cylinder head will have the" same heat . 
loa-ding as- the steel cylinder and that the upper edge of 
the steel cylinder will have the same heat loading as the 
cylinder head. 

The heat loading of the liner at thn top dead center 
of the piston would lilcewise have to he just as f^reat as 
that of the. cylinder head with uniform heat transfer* If, 
in the heat transfer of the cylinder head, the exhaust and 
intake pipes' are disregarded and the valve surfaces are 
therefore left out, then 5,618 kcal/h (22,294 5.t.u./hr.) 
will he transferred for 305 cm^ (47.27 sq.in.) of surface. 
There is therefore a heat loading of 184', 500 kcal/m^ /h 
(68,018 3. t.u./sq.f t ./hr.O . To this musf be added 1,090' 
kcal/h (4,325 B'. t'.u. /hr\ )* removed from the cylinder head 
"by the axial heat flow, which, for 393 cm^ (60.91 sq.in.) 
of the head ( incl\iding valves), corresponds to a heat load- 
ing of 27,800' kcal/m^/h (10,249 B . t .u. / s q. f t . /hr . ) . This 
makes the total heat loading of the cylinder head 212,300 
kcal/m^/h (78,267 B . t .u'. / s'q. f t . /hr • ) , which a,-rees very 
well with the value ohtained at the upper edge of the liner. 

The quantities of heat transferred hy t:ie steel fins, 
including the adjacent cylinder surfaces, are: 

1st steel fin 

(hottom) 101 kcal/h - 25,300 kcal/m^/h 

5th steel fin 104 " ^ 25,900 " 

10th " 114 = 28, 600 • " 

14th " " 

• • (top) 124 " = 30,300 " 

The heat loadings in figure 26 were plotted on the 
hasis of. • the experiment r> • The heat loading is plotted 
vertically oyer the inner wall of the cylinder. The quan- 
tities of heat are not perpendicular to the oent lines* 
Curve I repr.esents the :..iean heat loading of tjie cylinder 
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head disregarding the axial heat flow with inclusion of 
the heat transfer "bv the intalce and exhaust pipes. Curve 
II takes into account the axial heat flow in the cylinder- 
head threading and likewise contains the heat given off *by 
the intake and exhaust pipes. Curve III contains the heat 
transferred "by the cylinder iiead without the heat ootained 
froLi the intake and exhaust pipes and without the axial 
flow, as v;ell as without taking the valve surfaces into 
considerat lonp Curve IV contains the heat transferred "by 
the cylinder head including the axial-heat flow in the 
cylinder-head threading, "but without taking into account 
the heat from the intake and exliaust pirjes and the valve 
surfaces. Curve V, joining curve IV and representing the 
heat loading of the cylinder- liead threading, was deter- 
mined from the known "beginning and ending points and the 
area. Curve VI represents the quantity of neat transferred 
"by the fins of the cylinder-head threading. Curve VII rep- 
resents the heat loading of the steel cylinder. 

The quantity of heat transferred to the valve coiinec- 
tions and carried off by them cannot he added directly to 
the heat loading calculated for the inner surface of the 
cylinder head, "because the paths for the heat flow do not 
lie immediately in the y/alls of the coiupression chamoer. 
Curves IV, V, and VI therefore correspond to the quanti- 
ties of heat transferred hy the working gases at every 
point in the cylinder, i.e., to the actual heat loading 
of the cylinder. Reliahility of operation naturally also 
depends largely on quantity of heat transferred to the ex- 
haust stacks. 

The heat "Dalance of the engine can he determined from 
the experiments. At the compression ratio of 5.8 the mean 
fuel consumption was 235 g/hp/h (0.52 l"b . /hp . /hr . ) for a 
mixture of 80 percent benzol and 20 percent gasoline, the 
heat value of which can he put at 9,700 kcal (38,492 B.t.u.). 
The heat intake was therefore 2,280 kcal/hp/h (9,048 B.t.u./ 
hp'./hr.). The mean effective X)ressure was 7.2 kg/cm*- 
(102.41- Ih./ sq.in.) at 60 hp. and 1,700 r.p.m., correspond- 
ing to a piston speed of 12.5 m/s (41.0 ft./sec). The 
mechanical friction can he represented oy a mean friction- 
al pressure of 0.8 kg/cm^ (11.38 Ih./sq-in.) (reference 4), 
and the flow resistance for intake and exhaust hy 0.5 kg/ 
cm^ (8.53 Ih. /sq.in.). The frictional heat is partially 
included in the heat transferred to the cylinder, which 
is not considered in the halance. The individual items of 
the heat halance are generally expressed with relation to 
the quantity of heat taken in with the fuel. With a car- 
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tur.etor engine it is more' practical, hov/ever, to Compare 
them with the effective power,, since an increase in the 
specific fiiel consumption ahove a certain amount (ahout 5 
percent excess fuel) causes no noticeable change in the 
amount ;0f -heat transferred, hUt only increases the pro-- 
portion.of unhurned gases in tiie exhaust. In the first 
numerical column of the following table are p;±ven the num- 
her of " calories, per hor s epower-hour ; in the second column, 
their relation to the effective power; and in the third 
column, to the heat introduced with the fuel, 

kcal/hp/h percent percent 



Effective power 


632 


100.0 


27,7 


Mechanic&l friction 


70 


11.1 


-S.O 


Flow resistance 


53 


8.3 


2.3 


Heat transfer in cylinder 


292 


46.0 


12.8 


Heat transfer in oil, about 


29 


4. 6 


1.2 


Exhaust gas and unturned 


1,204 


191.0 


53.0 


Total heat in fuel 


2,280 


361.0 


100.0 



(kcal/hp/h X 3.96825 = 3. t .u. /hp . /hr . ) 



IV. . EXPERIMENTS Oil A TWELVE- CYLINDEE V-EiTG-Il\[E 
WITH COOLIIIG BLOWERS 
1, Design and Purpose of Engine 



The air-cooled 12-cylinder engine was "built in- 1928 • 
to 1930 for 'te'st purposes. Six centrifugal "blowers w*ere 
installed "between the hanks oT the 12-cylinder V-engine 
(figs. 27-29) in such fashion that two opposite cylinders 
are cooled hy each "blower. The cooling air flows from • 
a'bove to the two lateral intake openings of each "blower 
and is conducted to the cylinders hy guide vaiies. The 
"blower rotors are mounted on a common shaft with two hear- 
ings. .The coupling with the driving gear forms a third 
bearing* 
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The separate cylinders of forged clirome-nickel steel 
have fins of uniform height 'from the top to the cylinder 
flange and are sunk very deep into the crankcase. The 
top of the closed oell-shaped cylinder is very thick and 
is secured to the aluminum head 1):/ 14 "bronze screws. The 
cylinder heads are separate and carry a common camshaft. 
They each have four valves parallel to the cylinder axis. 
The intake connections are inside the V, while the ex- 
haust connections are on the outside. Ignition is effect- 
ed hy two lateral spark plugs* Temporary increase of the 
starting power a.nd the maintenance of the i^oxier at a mod- 
erate altitude is provided for hy a removahle centrifugal 
"blower which is designed to increase the suction pressure 
hy 20 percent. 

The dimensions of the engine are: here, 155 mm (6.10 
in.); stroke, 210 mm (B.27 in.); piston displacement, 
47.6 liters (2,904.7 cu.in.); compression ratio, £ ~ 5.5; 
4 Zenith carhuretors 75 IE; gear ratio hetween crankshaft 
and hlower shaft, 1:2.19. 

The full power of the engine is 700 hp. at 1,000 
r.p.m. A- continuous ou.tput of 560 hp. at 1,670 r.p.m. can 
"be maintained with good reliability of operation. With 
the "blower running, a starting power of 840 hp. at 1,910 
r.p.mi. can he attained for a "brief period. The required 
powers were mostly attained; the power with the "blower, 
exceeded. The cooling, however, presented difficulties. 

2. Development of Suitahle System of Air Conduction 

QilOriginal ^ The engine power was determined 

by means of a 4-'blade cali"brated "brake propeller of 2.13 
m (6.99 ft.) diameter. The cylinders were not enclosed. 
The outer side of the cylinders was cooled hy the slip- 
stream. After extensive preliminary tests by the manufac- 
turer, two acceptance runs were conducted by the D.V.L. in 
the factory, in which tests the most important temperature 
measurements were made for the first time. The most im- 
portant results of these tests are given in the table. 



CYLINDER TMPERATUEES OF THE AIR-COOLED 700 HP. ENGIIIE 
WITH COOLING BLOWERS WITH THE OKIGINAL Aim WITH THE DVL SHRO^JDINO 
(Temperature Differences between Air and Engine) 
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Between 
3d and 4th 
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rear 
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front 
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front 
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Between 
the 
stacks 


under, front 
under, rear 
over , rear 
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After removal of the engine, further test runs vrere 
made hy the D.V.L, Temperature measur eme:;.t s showed that 
the cooling of the engine was insufficient. A:'.other in- 
dication of this was found on dismantling the engine. Sev- 
eral valve heads and the heads and upper plates of the 
cylinders were warped, the curvature amounting to as much 
as 0.4 mm (0.016 in.). The t emperatu.r es of the cylinders 
and cylinder heads must accordingly have teen ahove the 
permissiole limit even at 560 hp. The engine v;as put in 
shape for further use only hy scraping the cylinder heads 
and replacing the damaged valves. 

h.) Free hlower with ^niuides,- The most important task 

was to gu.ide the cooling air so as to cool adequately the 
most strongly heated parts of the engine. The cylinder 
liner must be kept as cool as possible, in order to main- 
tain low piston temperatures and good funct ionir.g. For 
this purpose tests were made in which the driving gear be- 
tv/een the crankshaft and blower shaft was removed and the 
latter was connected directly with a cradle dynamometer. 

In order to determine the properties of the free 
blower (fig. 29), a test run was first made without the 
engine c^^linders. The power absorbed' by the blower was 
6.8 hp. at 2,500 r.p.m., 12. G hp. at S,000 r.p.m., and 
17.4 hp. at 3,460 r^.p.?:;, 

c) Cyl i nd er s i t_h oj.i t_ _ gu i d e^ . - Engine, cylinders and 
blower were again assembled and the blower shaft was driven 
by the cradle dynamometer. The velocity of the air leav- 
ing the spaces between the cylinders and between the fins 
of the cylinder heads was measured at 3,600 r.p.m. The re- 
sults of the determination of the velocity distribution 
are plotted in figure 30. 

The velocity of flow is very uneven both on the sides 
of the engine and over the individual cylinders. The flow 
between the cylinders is essentially rectilinear. The 
cooling of the blower side and of the cylinder parts oppo- 
site one another is therefore good, but the outer side of 
the cylinders is not touched by the cooling air from the 
blower and is consequently overheated by the engine. This 
can be only partly remedied by guiding the relative wind. 
The power absorbed in driving the blower amoiints to 15.2 
hp. at 3,600 r.p.m. In order to determine the quantity of 
air delivered by the blower, exp^eriments v/ere perform.ed, 
in which an air-tight hood with a VDI measuring no%zle of 
120 mm (4.72 in.) diameter was placed over the intake ori- 
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fice of the cylinders "between i^rhich the ineasiir cment s were 
made. The adjacent intai-re openings of the ■bloT7er were 
provided with similar hoods, in order to effect a corre-- 
"sponding throttling, Tho nozL'ile and hoods produced a neg- 
ative pressure "before the "blower, which rediicod the quan- 
tity of air to tv/o thirds of its value on a conventional 
engine . 

The amount of cooling air drawn "between cylinders 2 
and 3 at 3,600 r.p.m, was 0,76 kg/ s (l*68 Ih./sec); "be- 
tween cylinders 3 and 4 it was 0.91 kg/s (2,01 Id. /sec). 
The, total araoiint of air used for cooling an uncowled en- 
gine was , a ccor dingly calculated to amount to 4.7 l:g/s 
(10.35 Ih./ sec. ) . 

d L_A i r _(L0 n du c_t.i the _.cy 1 in.der s . - The follow ing 
experiments served to develop a system of air cond-uction 
in which, wiJh the "best possihle utilization of the cool*- 
ing air delivered "by the l:lov;er, all parts of the engine 
were cooled according to their heat ahsorption. The air 
was therefore conducted, on the oasis of previous investi- 
gations, "by guiding surfaces and cowlings between the 
cylinder fins and over the cylinder heads.- 

Since the test runs showed that the cylinder heads 
were damaged "by overheating due to the reduced ventila- 
tion with tho original cowling, no cowlings were used. 
Moreover, the cooling was improved hy conducting an air 
current upward from the hase of the cylinder through the 
triangular passage formed oy the slower wall and the cyl- 
inder cov/lings with the use of air which was saved "by the 
fairing at the cylinder foot. The cylinder cooling was 
improved hy conducting the cooling air around it. 

The quantity of* air floy/ing Ijetween the individual 
cylinders was found hy measuring the inflow and outflow 
cross sections of the air conduits. The cross sections 
were made so large at the top of the cylinders that the 
flow of the cooling air was not impeded, hut they v/ere con- 
ically tapered toward the "bottom of tho cylinders, in or- 
der to reduce the cooling air to l/2 or 1/3 of the amount 
with uncovered cylinders. Air-flow measurements showed 
the need of "better cooling for tho spark plugs and for the 
fins lying ir.mad-iat ely "behind them. This was accomplished 
hy folding hack the guide sheets around the spark plugs. 
Figure 28 shows the inner side of the cylinders with "blov/- 
ers removed, while figure 27 shows the outer side. 
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The results of the tests are shown in figure 31, The 
velocity of the cooling air along the cylinder v;as soine- 
what greater than v/ith the previous shrouds. The cooling 
of the cylinder lining is adequate, due to the greater 
cooling effect of the flbv around the whole cylinder. The 
air velocities on the two sides of the cylinders are still 
unequal, even with this shroudu.ng, though the discrepan- 
cies are not excessive. ITo . inapr overaent can oe effected 
without r econstriict ion of the "blower^. . 

The air measurements at 3,600 r.p.m, yielded 0.7 kg/ s 
(1.54 Ih./sec.) "between cylinders 2 and 3 and 0.33 kg/ s 
(1.81 Id. /sec.) hetween cylinders 3 and 4, corresponding 
to a total of 4.32 kg/s (9.52 Ih./sec.) for the engine. 
This shows a saving of ahout 10 percent of the air as com- 
pared with the -exposed cylinders. The power developed at 
3,600 r.p.m. was 13.8 hp. 

3. Temperature Ileasur ement s on Running Engine with Two 

Different Systems of Air Conduction 

In the acceptance runs at the factory, temperature 
measurements were raade on the engine fitted with the orig- 
inal air guides. The engine was equipped with the "brake 
propeller and developed in the tests 560 hp. at 1,690 
r.p.m. The taole shows the difference "between the temper- 
ature of the air on entering the "blower and the tempera- 
ture of the test point. 

The measurements show very great temperature differ- 
ences between the inner a.nd outer sides of the cylinders, 
the latter "being too high for relia"bl^ operation of the 
engine. The cyl inder-hea,d temperatures near the exhaust 
approach the upper limit, even exceeding it on certain 
cylinder heads, so that, at full load and with the use of 
superchargers, there is danger of warping the cylinder 
heads, cylinder plates avnd valves. 

Following the development of the D7L system- of air 
conduction the engine was mounted on the torque stand and 
fitted with thermoelectric coiiples. In order to elim.inate 
the effect of the propeller slipstream', the "brake used was 
a 4-"blade DVL adjus tahle-pitch pusher propeller. The test 
results are likewise shown in the tahle and in figure 30. 
The temperatures at 5G0 hp. and 1, 690 r.p-.m.-,' reached the 
upper lim.it. and in som.e cases exceeded it, so tLat there 
was danger of dis turcances in protracted operation. The 
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mean temperature of the engine is hardly any lov/er than 
with the original system of air conduction, hut the temper- 
ature distribution is considerahly moge uniform. The 
spark-plug temperature of 190^ C, (374 F.) may he regarded 
as low, the temperature of 240^ C. (464^ i\ ) with the orig- 
inal air conduction heing rather high. 

Two supplementary tests (see tahle) uith steeper and 
flatter pitch of the hrahe propeller give an idea of the 
possibilities of improvement hy increasing the revolution 
speed of the engine and blower with the same engine power. 
The engine ran with 510 hp. effective output at 1,575 and 
1,950 r.p.m. The increase in the r.p.m. necessitates, de- 
spite constant effective output, an increase in the .a,m-ount 
of heat transferred from the combustion gases to the walls. 
The simultaneous increase in the blower r.p.m*, hoY/ever, 
improves the cooling sufficiently to reduce the mean tem- 
'perature of the engine, A brief comparative test with the 
4-blade brake propeller showed that the cooling effect was 
very greatly imj)a.ired by the unfavorable air flow. 

4. Increase in Reliability of Operation 

from Increased Cooling 

In the blower t6:;sts with the final form of the DVL 
system of air conduction, 4.32 kg/s (9.52 lb. /sec.) of air 
was delivered at 3,500 r.p.m. of the blower. The normal 
engine speed for a constant output of 560 hp. was 1,G95, 
corresponding to 3,710 r.p.m. of the blower. The ariiount 
of air delivered was calculated as 4.45 kg/s (9.81 lb. /sec.) 
and the energy absorbed as 15.1 hp., which was 2.7 percent 
of the engine power. 

In a normal aircooled aircraft engine, about 320 kcal/ 
hp/h (1,270 B. t .u./hp./hr. ) must 0 e rem oved for medium 
loading. In a 560 hp. 12-cylinder engine, therefore, about 
170,000 kcal/h (674,602 3.t.u./hr.) would need to be re- 
moved. The temperature of th^ cooling air would therefore 
be raised about 46 C. (114.3' :j.) 

In order to increase the reliability of operation of 
the engine with retention of the form under investigation, 
there remains the possibility of increasing the revolution 
speed of the blower. If the trc-.nsmis sion from crankshaft 
to blower is raised 1.3 fold, i.e., 2.85, the power ab- 
sorbed by the blower at 1,695 r.p.m. increases to 2.2 
times its former value, which is 33.2 hp. or 6 percent of 
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the sustained engine output of 5G0 hp. 'The energy ah- 
served hy the hiower is still son^ewhat sjnr^.ller than the 
lOGS through the resistance of conventional ^ater radia- 
tors or of radial engines. 

Since the quantity of air delivered increases to 5.79 
kg/ s (12«75 lo./sec.)j the^ t emperatur e incgease of the 
cooling air drops 11 to 35 C. (19.8 to 53 Since 
all hot points of the en^^ine arc in the vicinit^ of the 
outflow of the cooling; air, a toroperature drop of aoout 
10 C can "be assumed. Moreover, the heat transfer is im- 
proved 'by the increased velocity of flow. T/ie rate of 
heat transfer depends' on the heat load of the c'ooling fins 
and on the velocity of flow. According to the first sec- 
tion of this report, we car calculate on 1,22 fold coeffi- 
cient of heat transfer at 1.3 fold velocity of flow for 
the aluminum fins, on 1.16 fold for the highly loaded 
steel fins of the cylinder in the vicinity of the comhus- 
tion chaii'iher and on 1.2 fold in the vicinity of the cyl- 
inder hase. The raean irnpro veraent in the coefficient of 
heat transfer may therefore he estimated as 1.19 fold. 
At the temperatiirc of 300^ C. (572^ in the vicinity of 

the cooling-air exit, where the temperature difference be- 
tween cooling-air and the cylinder is therefore 254^ C, 
(457.2 ?.) tho^t eraperatur e dif f or o:;-^.ce is lowered to about 
214 C. (385.2 ir,) hy the improved coefficient of heat 
transfer, so that the temperature is ahout 260^ C. (500 'F . 
From" the thermal viewpoint, adequate reliahility of opera- 
tion is thus insured. Svon hotter ros'ilts are temporari- 
ly possible. 

The revolution speed of the olower was increased 37 
percent hy changing the gear wheels. The temperatures of 
the engine wore measured in various tost runs. The engine 
made several short rtins with 5G0 ?Ap. at 1,750 r.p.m. and 
with 620 hp. at 1,808 r.p.m. Tor a brief • period 578 hp. 
was attained at 1,820 r.p.m. It was found that the tem- 
peratures fell, on the average, about 50 as compared- 
with the runs at the lower revolution speed of the blower. 
It was also found that the t emperatiir es were lower for 
620 hp. at the higher revolution speed of f.'io blower, than 
for 560 hp. at the lower revolution spv_:ed. The observed 
temperatures are given in the table. 

TTith the present arrangement t.ne eidiaust valves are 
situated behind the^ intnhe valves in- t?'it) direction of flow. 
The OKhaiist valves ar^ therefore c^.-oled by the al- 
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ready heated air. Exchanging these valves^T70uld make the 
exhaust side of the cylinder head 20 to 30 cooler. In- 
creasing the intake side oy about the same amount would 
make the temperature differences in the cylinder head 
smaller, thus lessening the tendency to warp« 

The experiments with the engine also showed that it 
was vel-y difficult to cool adequately the "bell-shaped 
closed air-cooled cylinder head with the screwed*-on head. 
An exposed cylinder, with an aluminum head shrunk on with 
a coarse thread, yields hetter cooling. Even the flang- 
ing of the cylinder head on the open liner at the height 
of the upper piston dead center is open to question. The 
head can "be secured to the cylinder hy a larger num"ber of 
strong screws • 

In order to ahle to mount the six centrifugal "blow- 
ers in the space "between the cylinder "banks, the air flow 
must he sharply deflected several times, especially at the 
entrance to the blower, with consequent loss of energy. 
The air could he delivered, without deflection, to the 
first pair of cylinders "by means of an axial "blower. The 
diameter of the olower wheel would oe a'bout 360 mm (14.2 
in.) and could De easily installed. The energy required 
'for cooling coiild T^e easily reduced. 



With the aid of a heating device, the heat transfer 
to cylinders with conical fins of various forms is deter- 
mined toth for shrouded and exposed cylinders. Simulta- 
neously the pressure drop for overcoming the resistance to 
the motion of the air "betvreen the fins of the enclosed 
cylinder is measured. Thus the relations between the heat 
transfer and the energy required for cooling are discov- 
ered. The investigations show that the heat transfer in 
a conducted air flow is much greater than in a free cur- 
rent and that further improvement, as compared with free 
exposure, is possi"ble through narrower spaces "between the 
fins. Experiments v/ith a large air-cooled s ingle- cylin- 
der engine are then descri"bed, which e_;ia'blo comparisons 
of the energy expended in cooling a radial engine by tlie 
relative wind and cooling by blowers with si'^.itable shroud- 
ing of the cylinders. The energy required for cooling 
remains within permissible limits and is smaller than that 
rxecessary for overcoming the resistance of an air-cooled 
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radial engine. Impr ovoment in cooling ir:akos it possiljle 
to attain a greater engine output per cylinder. G-r^.'ater 
reliatility of operation can "bo attained, "because t;:.e 
cooling air. can "be conducted to the points of greater 
heat loading. iTit:: the aid of the results of the first 
investigation, tao heat loading of the individual parts 
of the cylinder can "be determined from the t oni:, eratiir e 
distriDuticn of the single-cylinder engine and from the 
quantity and velocity of the air used for cooling. These 
.investigations are of special iuportanco, hecaurr-o there 
has hitherto "been no criterion for higher-speed engines. 
The heat loading of the cylinder head with 212,-000 kcal/ 
m^/'si (78,156 t,u^/sq.ft •/hr. ) is ahout eight tiinos p. s 
large as that of the linor. The investigations end \7ith 
measurements on a 12-cylinder V-engine provided v/ith six 
centrifugal "blovzers, each cooling two oppotjite cylinders. 
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Figure 1. -Eight-cylinder 

aircraft engine 
in V form with cooling 
blower. 




Figure 2. -Fin types used on test cylinders*- 
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Figure 3,- Heating device for the test cylinders* 
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Figure 6.- Heat transfer of finned cylinder 
e3q)osed to free jet. 



Figure 4,- Heat traasfer of shrouded finned 
cylinder. 
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]?i,^are 10. -Heat transfer plotted against total enev^f for a. finned cyl- 
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difference of 1^ at 100^ C and 1.0?5 absolute atraospliere. 
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ed cylinder plotted 
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alD solute atmosphere. 
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Figs. 15,16,17 




Figure 16. -General view of shrouded single- cylinder engine. 




Figure 15. -Single- cylinder engine Figure 17.-Shro^jLd cf single- 

exposed to free air jet. cylinder engine. 
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Figs. 19,20,21 
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Figure 21.- Temperature distribution on single-cylinder engine. 
Horizontal section throu^ cylinder head. 
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Pigs. 2-1, 25, 25 
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Figs, 27,28,29 




Figure 27. -Outer side of 12 cylinder engine with DVL air guides. 




Figure 28. -Inner side of 12 cylinder engine with DVL air guides. 
(Blower and left bank of cylinders removed.) 




Figure 29. -Blower with guide vanes. 
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Figure 30. ^ir velocities with cylinders exposed. 




Figure 31. -Air velocities for cylinders with D7L shrouds. 



